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esponsibility of ChinAbstract Carbon nanotubes (CNTs) were in-situ grown in carbon felts using ferric chloride as catalyst
and natural gas as carbon precursor via thermal gradient chemical vapor inﬁltration (TGCVI).
Subsequently, the carbon felts were densiﬁed to obtain CNT reinforced carbon/carbon (C/C) composites
in the same furnace. Effects of CNTs on the microstructure and ﬂexural property of C/C composites were
investigated by polarized light microscopy, Raman spectroscopy, scanning electron microscopy and
universal mechanical testing machine. The results of PLM observation and Raman analysis showed that
CNTs have two-sided effects on the microstructure of pyrocarbon: the pyrocarbons in the region without
CNTs show medium texture; while, in the region full of CNTs, the microstructure was low-textured or
even isotropic though the TGCVD conditions would lead to the deposition of pure low texture
pyrocarbons. Analysis based on stress–strain curves demonstrated that the ﬂexural strength increased
ﬁrst and then decreased with the CNT content increasing. When the CNT content was 5.23 wt%, the
ﬂexural strength was maximum and had a nearly 35% improvement compared with pure C/C composite.
Besides, after adding CNTs, the ﬂexural modulus of the composites decreased and the ductility increased
obviously, indicating CNTs can toughen C/C composites.
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Carbon/carbon (C/C) composites have been widely used in
aviation and aerospace industries due to their good thermal and
mechanical properties such as high thermal conductivity, low
density, high speciﬁc strength, good chemical and mechanical
ablation resistance [1]. The performance of C/C composites mainly
depends on the type of pyrocarbon matrix, spatial structure ofg by Elsevier B.V. All rights reserved.
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H. Zhang et al.158primary reinforcement and interfacial strength between carbon
ﬁber and pyrocarbon matrix. Too weak interfacial strength and
brittle pyrocarbon can lead to bad performance [2].
Carbon nanotubes (CNTs) have attracted many researchers’
attention for their excellent mechanical properties and unique
rolled graphitic layers since it was discovered by Sumio Iijima.
Abundant theoretical and experimental studies demonstrated that
their Young's modulus can be up to 1 TPa and tensile strength can
approach to 60 GPa [3,4], which makes CNTs one of the stiffest
materials available. With such promising properties, CNTs are
natural candidates for reinforcement of advanced structural com-
posites. For example, CNTs have been used for addictives in metal
[5], polymer [6], cement [7] and ceramic [8] matrix composites.
Hung et al. [9] conducted CNTs grown on carbon ﬁbers and
employed the CNT-attached ﬁbers to make composites with multi-
scaled reinforcement for modulate composites’ intrinsical proper-
ties. Their results showed that increasing of interfacial area and
pulling out of nanotubes can improve the tensile strength of as-
prepared composites. Li [10] et al. prepared CNT reinforced C/C
composites by ﬁlm boiling CVI method with ferrocene and toluene
as catalyst and precursor, respectively. The test revealed that CNTs
embedded in the matrix of C/C composites can be the bridge
between ﬁber and carbon matrix and offer both intra-laminar and
inter-laminar reinforcement, thus improving the delamination
resistance and the ﬂexural performance of C/C composites.
Up to now, the main motivation of doped nano-scaled CNTs is
to alleviate the existing limitations associated with the matrix
dominated material and to improve the performances of the
composites. In general, there still are a few reports on the
development of CNTs as reinforcement for brittle C/C composites.
In our study, C/C composites with multi-scaled reinforcements
(i.e. micro-scaled carbon ﬁber and nano-scaled carbon nanotube)
were fabricated by densifying two-dimensional carbon ﬁber felts
doped with CNTs in-situ grown in them via thermal gradient
chemical vapor inﬁltration (TGCVI). The microstructure and
ﬂexural mechanical property of these composites were also
investigated further.specimen  
Fig. 1 Schematic diagram of sampling for observation of pristine
CNT (a), device for three points ﬂexural test (b).2. Experimental
2.1. Preparation of CNT-C/C composites
Two-dimensional (2D) carbon ﬁber felts (carbon ﬁber: T300; size:
Φ 70 mm 10 mm; 0.4 g/cm3) were used as the starting materials.
They were immersed into FeCl3  6H2O aqueous solution with
different concentrations (0.5 wt%, 1 wt%, 1.5 wt%, 2 wt% and 4 wt
%) at room temperature for 10 h and dried in air at 80 1C. Afterwards,
they were introduced into a TGCVI reactor for CNT growth.
In our work, the CNT growing temperature was set to be
1000 1C and growing time was 5 h. Before reaching the desired
temperature, hydrogen and Ar (0.1 m3/h and 0.08 m3/h, respec-
tively) were fed into the TGCVI reactor for protection and
reduction of catalyst. Upon reaching 1000 1C, the hydrogen and
Ar were turned off and Natural gas was fed into the furnace with a
ﬂow rate of 0.6 m3/h as the carbon source of CNT growth. After
5 h growth, the felts were taken out from reactor and weighed
using an analytical balance. The mass gain was ascribed to the
formation of CNT, content of which are 1.01 wt%, 5.23 wt%,
6.64 wt%, 8.41 wt%, 12.93 wt%, respectively. And then, they
were densiﬁed by TGCVI to obtain CNT reinforced C/C (CNT-
C/C) composites in the same furnace at 1000 1C with natural gasas carbon source under ambient pressure. These composites were
marked by S1, S2, S3, S4 and S5, respectively. For comparison,
pure C/C composite marked by S0 was also prepared under the
same conditions. Finally, all the samples were treated at 2100 1C
for 2 h under Ar atmosphere.2.2. Characterizations of CNTs and the composites
The morphology of CNTs and the fracture surfaces of all the
composites were observed using Quanta-600FEG ﬁeld emission
scanning electron microscopy (SEM) and Tecnai VEGA3 microscopy.
The sampling for SEM observation was shown in Fig. 1(a). In order to
investigate the microstructure of CNTs, the carbon felts with in situ
grown CNTs was cut down and put into alcohol solution for ultrasonic
vibration. A copper grid was immersed into alcohol to capture the
suspended CNTs, and then, the copper grid was dried for TEM
observation (TEM), which was carried out on a Tecnai F30G2 ﬁled
emission transmission electron microscopy. Specimens, with dimen-
sions approximately 30 mm 10 mm 10 mm, were cut from the
densiﬁed composites. These specimens were pre-polished using SiC
abrasive paper (600, 1000, 1500, 2000 grit successively). The ﬁnal
polishing was completed with 0.5 μm grain size diamond polishing
paste. Finishing the preparation of the specimens, microstructure of
pyrocarbon was studied with polarized light microscopy (PLM, Leica
DMLP optical microscope) and Raman spectroscopy (Renishaw in
VIA, with 514.5 nm excitation) at polished cross-section.
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testing machine (INSTRON 8872) to evaluate the effects of CNTs
on the mechanical properties of C/C composites at room tempera-
ture. Testing specimens were machined into rectangular bars of
55 mm 10 mm 4 mm from the densiﬁed composites along the
axial direction of carbon ﬁber bundles. Before tests, the bulk
densities of the samples were measured. The tests were carried
with the constant loading rate of 0.5 mm/min and a span of
40 mm. At least six specimens were tested for each composite.
Fig. 1(b) is the device of ﬂexural test in our experiment. The stress
and strain values were recorded automatically. A ductility factor
(FD) was used to determine the ductility of the composites. FD can
be calculated from the following equation [11].
FD ¼ 1−ðEsecant=EoriginÞ ¼ 1−ðεlin=εtÞ ð1Þ
where Esecant is secant modulus (the slope of the line from the
origin to the stress at failure in the stress–strain curve), Eorigin is
elastic modulus (the slope of the linear part of the stress–strain
curve), εlin is the strain in the linear part of the stress–strain curve
at failure and the εt means the strain at failure.3. Results and discussion
3.1. Morphology and microstructure of CNTs
SEM observations of pristine CNTs in the center and edge of
specimen are presented in Fig. 2(a and b), respectively. It can be500 nm
Fig. 2 (a) SEM micrograph of as obtained CNTs in the edge of specim
(c) TEM micrograph of CNTs in the carbon felts. (d) HRTEM micrograpseen that the straight CNTs with the diameter of 100–150 nm in
Fig. 2(a) are distributed disorderly in the space between carbon
ﬁbers. The surface of carbon ﬁber is smooth (Fig. 2(a)) and no
CNT is grown on it. The length of most CNTs is over 5 μm and
even up to 15 μm (Fig. 2(a)). It can be seen that the amounts of
CNTs in the center of the specimen are almost similar compared
with that on the edge. However, there is still a little difference
between the center and edge in CNT's morphology. The inset in
Fig. 2(b) reveals that besides some coarsen and straight CNTs,
there are lots of thinner and shorter CNTs intertwining with the
bigger sized CNTs. TEM images (Fig. 2(c)) show the inner
diameter and the wall thickness of CNTs are 30 nm and 40 nm,
respectively. According to Fig. 2(d), the CNTs are multi-walled
and the crystal lattice fringes are somewhat bent, implying the
partial crystallization of CNTs.3.2. Pyrocarbon microstructure of the composites
Microstructures of pyrocarbon matrix of C/C composites with
CNTs and pure C/C were investigated by PLM and Raman
spectroscopy. According to PLM observation of the polished
specimens in Fig. 3, it is evident that pyrocarbons in pure C/C
composite (S0) are low-textured due to the low optical activities
and the unclear extinction cross around carbon ﬁbers (Fig. 3(a)).
However, CNT doped composites (Fig. 3(b and c)) have different
optical activities in the reﬂection of polarized light compared with
pure C/C composite (Fig. 3(a)). The thickness of pyrocarbon is500 nm
5 nm 
en S2. (b) SEM micrograph of CNTs in the center of specimen S2.
h of carbon nanotube wall.
H. Zhang et al.160about 10 mm and the boundary of pyrocarbons grown around
different ﬁbers is extremely distinct. As for CNT-C/C composites,
the pyrocarbons have higher optical activities, indicating a higher
texture than that of pure C/C composite. While, in the region full
of CNTs (labeled by white rectangular frame in Fig. 3(c)), low-
textured pyrocarbon or isotropic pyrocarbon is induced to form.
The texture diversity of pyrocarbon is more apparent in Fig. 3(c
and d). It can be seen that more close to the ﬁber, denser carbon
nanotubes are and lower the optical activities of pyrocarbon is. The
formation of low-textured pyrocarbon should be attributed to
the CNTs agglomeration and the depositing randomness of
pyrocarbon around them [12]. As shown in Fig. 2(b), the
nanometer scaled interval among CNTs and twisted CNTs will
provide large surface area in a small space, i.e. lager surface area/
volume ratio, which can accelerate the deposition of pyrocarbon
on the CNTs as active nucleation sites [13]. The nano-scaled pores
would constrict the size of pyrocarbon grain around CNTs. The
pyrocarbon grain originated from adjacent CNT would contact
each other soon in densiﬁcation process. This deposition of
pyrocarbon is largely dependent on the randomly oriented CNTs
as the substrate of deposition. As a result, the pyrocarbon growing
from CNTs would align in different angles controlled by the
pristine disordered three dimensional CNTs network. Therefore,
the randomness of pyrocarbon in orientation, especially in the
CNTs agglomeration region, would exhibit characterization of ISO
layer or lower texture in polarized light. Nevertheless, pyrocarbon
(shown by white arrows in Fig. 3(c)) deposited around the
individual CNT can grow larger (the thickness is about several
micrometers) and shows some characteristics of medium-textured
pyrocarbon. The π–π conjugation effect of CNT curved graphitic
layers, which attracts similar structured polyaromatic molecules to20 m 
20 m
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Individual CNT 
Agglomeration  
zone of CNT 
Fig. 3 PLM images of composites. (a) Microstructure of coarrange parallel each other to form regular pyrocarbon perhaps has
wider inﬂuence on microstructure, which is considered to induce
the formation of medium-textured pyrocarbon. For all the C/C
composites doped by CNTs, the microstructure of pyrocarbon is
not homogeneous at all. Namely, medium-textured and ISO
pyrocarbons coexist in the matrix. In order to further study the
microstructure of CNTs doped composites. Raman characteriza-
tion of pyrocarbon in S0, S3 and the pristine CNTs was conducted.
As shown in Fig. 4(b), the characteristic peak (D band) at
1350 cm−1 and shoulder peak at 1620 cm−1 (D' band) correspond
to presence of disorder and distortion in carbon atomic layers.
The second prominent band is G band related to high-frequency
E2g ﬁrst order mode and the band at 2700 cm
−1 is the overtone of
D band, called 2D band. The D and G band position of CNTs
are several cm−1 lower than composites. This downshift is due to
the less carbon atomic layers of CNTs. The ratio of IG to ID
(IG means the intensity of G band) depends on the perfect crystal
planar domain size and the degree of order of pyrocarbon [14].
The IG/ID value for pyrocarbon in pure C/C is the lowest,
corresponding to the lowest crystal ordered degree [15].
The second lowest IG/ID value corresponding to pyrocarbon
originated from ﬁber (labeled with point 1). Meanwhile, the IG/
ID value of pyrocarbon grown from individual CNT (labeled
with point 2) is a little larger compared with that at point 1, which
is normally due to the improvement of crystal ordered degree and
fewer defects in microstructure. According to the highest ratio
value presented in the Raman spectrum of pristine CNTs, there-
fore, it is considered that the CNTs have the highest texture. As for
pyrocarbon of CNTs agglomeration region (labeled with point 3),
the second larger IG/ID ratio value may virtually be attributed
to the presence of CNTs within the laser spot. In our work, theseCNT
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Fig. 4 (a) Microstructures of composite S3 under normal light (left) and polarized light (right). Point 1, 2 and 3 show the positions of Raman
testing (b) Raman spectra of pure C/C, composite S3 at different points and pristine CNTs.
Table 1 Three point ﬂexural strength and modulus for all composites.
Composites S0 S1 S2 S3 S4 S5
Density (g cm−3) 1.75 1.62 1.57 1.60 1.57 1.59
Flexural strength (MPa) 8673 9772 116715 10878 6576 50.978
Flexural modulus (GPa) 16.7772.1 12.2472.2 12.9773.5 13.4373.8 8.871.2 10.2870.8
FD o0.005 0.23370.059 0.48870.073 0.45370.098 0.41170.055 0.42470.92
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Fig. 5 Stress–strain curves for composites S0, S1, S2, S3, S4 and S5.
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CNTs and its distribution can also affect the microstructure
of pyrocarbon. Concretely, CNTs can induce the formation of
higher- or lower-textured pyrocarbon, which is similar to other’s
work [16].3.3. Flexural properties and fracture behaviors of C/C
composites
The results of three points bending test are listed in Table 1. It
presents the average ﬂexural strength and modulus for the six
composites. The average ﬂexural strengths of composites S0, S1,
S2, S3, S4, and S5 are 80 MPa, 97 MPa, 116 MPa, 108 MPa,
65 MPa and 50.9 MPa, respectively. The ﬂexural strength
increases ﬁrst and then decreases with the CNT content increasing.
When the CNT content is 5.23 wt%, the ﬂexural strength ismaximum and has a nearly 35% improvement compared with pure
C/C (S0). However, when the CNT content increases to 8.41 wt%
or more, the ﬂexural strength decreases from the maximum value.
On the hand, this may be the result of the degradation of carbon
ﬁber tensile strength caused by the dissolution of more iron catalyst
into ﬁbers and more formation of low texture pyrocarbon in
composites with higher concentration catalyst [17]. On the other
hand, another reason for the reducing of ﬂexural strength might be
the aggregation of the CNTs, which leads to the sealing of nano-
scaled pores and poor inﬁltration of the precursor and deposition of
pyrocarbon. The defects in the aggregation region of CNTs, for
instance, pores exists in matrix (Fig. 6g) and make the continuous
pyrocarbon matrix separated, causing lower the contribution of
matrix to the ﬂexural strength. Flexural modulus for all hybrid
composites S1–S5 are less than that of composite S0 completely,
which is different from variation of ﬂexural strength. This variation
of ﬂexural modulus is similar with that in literature [18]. This
reducing of ﬂexural modulus can be attributed to the ISO
pyrocarbon formed in matrix under the inﬂuence of agglomerated
CNT. As seen in Fig. 6(g and h), the coarsened CNTs and the
concave pits are obvious, and most coarsened CNTs in the
agglomeration zone are more liable to detach from the matrix
rather than the expected fulling out of CNTs or cracking. As a
sequence, the strength and modulus of CNT cannot be fully
utilized. However, with CNT content increasing, the CNTs
aggregation becomes more serious in composites S4 and S5,
which deteriorate the ultimate properties due to the defects in the
region as discussed above.
The stress–strain curves for composites are shown in Fig. 5. As
seen from the curves, it is noticeable that the composites S1, S2,
S3 have higher fracture strengths and larger strains than composite
S0. For CNT-doped composites (S1, S2, S3, S4, S5), after the
maximum stress, the curves drop slowly and have a larger ductility
factor FD, exhibiting a pseudo plastic fracture mode, whereas the
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of CNTs 
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Pulling out of CNT 
Holes left by pulled out CNTs 
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Fig. 6 (a) SEM images of the fracture surfaces of composite S0. (b) Magniﬁed images of fracture surfaces of composite S0. ((c)–(f)) SEM images
of the fracture surface of composite S2: (c) Debonding and pulling out of ﬁbers occurs in the surface. (d) Bridge and debonding of CNTs.
(e) Fracture surface of pyrocarbon deposited in the agglomeration zone of CNTs. (f) Fracture surface of pyrocarbon deposited around individual
CNT. ((g) and (h)) Fracture morphology of composite S4.
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sharp decline of stress and small fracture strain indicating
introduction of CNTs is contributed to the improvement of ﬂexural
ductility. In the platform of curves, it is thought that the partial
ﬁbers have cracked and the rest ﬁbers and CNTs still bear the load,
thus, they absorb the energy during being pulled out resulting in
formation of platform. The curves for hybrid composites S1–S5
display obvious platform, meaning better ductility.
To investigate the reinforcing mechanism of CNTs, the fracture
surfaces of composite S0, S2 and S4 are observed by SEM (Fig. 6).
For pure C/C S0, the fracture surface is ﬂat (Fig. 6(a)) and only a
few ﬁbers are pulled out from carbon matrix (Fig. 6(b)) which
conﬁrms the strong ﬁber/matrix interface bonding and brittle
fracture mode. As seen from Fig. 6(c), the extraction and
debonding of carbon ﬁbers shown by white arrows can be seen
in composite S2, besides, CNT pull-out from matrix is also found,
both of which can toughen C/C composites. It is evident that the
doping of CNTs into matrix can tremendously increase the
interface area between reinforcement and matrix. Therefore, when
the stress is loaded on the specimens, fracture is more difﬁcult to
occur for CNT-doped composites by virtue of additional surface
energy, pull-out work and friction work because of the newly
formed surface area [19]. The CNTs inserted in pyrocarbon shown
in Fig. 6(d) link adjacent pyrocarbon layers together as a bridge,
which can avoid the formation of concentric crack around carbon
ﬁber to a certain extent. Hence, it is beneﬁcial to the load
transmitting and sufﬁcient utilization of carbon ﬁber. And when
the CNTs were pulled out, an overview of many holes left in
matrix is clearly shown in Fig. 6(e). The multilayer carbon matrix
(Fig. 3(c)) has been formed under the inﬂuence of interlaced CNTs
shown in Fig. 6(e and f). During the fracture, multi-layered carbon
matrix can lead cracks to spread along multiple paths and results in
an uneven fracture surface. Therefore, the crackle would have
much greater interaction with the pyrocarbon matrix during
propagating, which further improves mechanical interlocking
between reinforcements and matrix and toughness [20,21]. From
the discussed, it will be signiﬁcant on improvement of the
mechanical properties of CNTs doped composite to control the
proper content and distribution of pristine CNTs in felts.4. Conclusions
C/C composites doped by CNTs (as secondary reinforcements)
were prepared by TGCVI. According the observations of PLM and
the Raman analysis, CNTs in-situ grown in carbon felts had two-
side effects on the microstructure of pyrocarbon. ISO pyrocarbon
was obtained in the aggregation region of CNTs; while, medium-
textured pyrocarbon was induced in the sparse region of CNTs and
around individual CNT. As contrast, the pyrocarbon of pure C/C
was low-textured. Mechanical tests and fracture surface analysis
show that the suitable CNTs content can improve the ﬂexural
strength and ductility, while, the modulus of prepared multi-scaled
C/C composites with CNTs generally decreased compared with
pure C/C composite.
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